Abstract. Integral elastic ring squeeze film damper (IERSFD) is proposed to reduce and isolate the vibration of the gear transmissions. IERSFD offers the performance of a low radial stiffness and high squeeze film damping. This paper presents a mechanical model of an IERSFD elastic damping support and a single-degree-of-freedom vibration isolation system for the gear system. An open single-stage spur gear system was built to experimentally study the vibration characteristics of gear transmissions with rigid supports and with IERSFD elastic damping supports filled with damping fluids of different viscosities. The experimental results show that the IERSFD can effectively reduce the peak vibration acceleration of the gear shafts and can guarantee the smooth operation of the gear assembly over a range of speeds. This work shows that an IERSFD can reduce the shock and vibration of the gears' meshing. It effectively attenuates vibration for most of the gears' frequency components. Within a limited viscosity range, the vibration reduction is more effective with the higher-viscosity IERSFD damping fluids tested.
Introduction
Geared transmissions are one of the most widely used power transmission methods in mechanical engineering. Because of the internal excitations caused by time-varying meshing stiffness and gear errors, gear systems are prone to significant vibration and noise problems, especially when there are manufacturing and installation errors. Significant vibrations can cause damages to the equipment. Noise caused by vibration can also affect the health of operation staff. Therefore, it is of great engineering value to study the technology to reduce vibration and noise in gear transmissions [1] . The vibration characteristics of gear system are rather complicated, because it is composed of multiple components such as the meshing frequency with its high harmonics and the rotating frequency with its low harmonics [2] .
Scholars have done a great deal of research on vibration reduction methods for gear transmissions. Their developed gearbox vibration reduction methods can be divided into vibration source reduction, and passive vibration reduction through vibration absorption. Vibration source reduction reduces the source of gears' vibration by optimizing the parameters and modifying the gear teeth during the gear design process [3] [4] [5] . The process of vibration source reduction is complicated by its high manufacturing cost and large computational effort [6, 7] . Passive vibration reduction for a gear transmission uses energy-consuming devices to dissipate vibration energy. For example, a damping ring and viscoelastic damping layer in the gear can absorb the vibration energy of the gear [8] [9] [10] . However, it is necessary to add the damping material over a large area, increasing the weight and size of a gearbox. Sutton et al. [11] used hysteresis regulators to control the vibration of the gear and achieved a decrease of 30-40 dB for the 250 to 1250 Hz frequency range, but the damping effect was inadequate in the 500 to 800 Hz frequency range. Guan et al. [12] used piezoelectric actuators to counteract the vibration and noise of the gearbox. By improving the control algorithm, the vibrations were reduced by 8-13 dB, and the noise at the meshing frequency was reduced by 5-8 dB. However, the range for which the vibration frequencies had been reduced was very limited, and the control algorithm was complex. Huang et al. [13] obtained a certain damping effect by installing a viscous damper on the gear shaft, but their damper required a large amount of space and was unsuitable for a gearbox requiring compact shaft structure.
Squeeze film dampers (SFD) are often used to reduce the rotor vibration as it passes through its critical speed. However, the traditional squirrel cage-SFD has many problems such as large space occupation, difficult assembly, and vulnerability to fatigue. In addition, the oil film force of a SFD is nonlinear. If the damper design is unreasonable, the rotor vibration will increase instead of decrease. To overcome these shortcomings, an integral elastic ring squeeze film damper (IERSFD) was designed and used to reduce and isolate vibrations generated by gear mesh excitation.
Unlike the unbalanced excitation of the rotor, the vibration of the gear system is mainly caused by gears' meshing process. The dynamic excitation of the gear system is transmitted to the box mainly through the bearing. Measures taken at the bearing position can effectively attenuate the vibration transmission [14] . The IERSFD described in this paper is designed to control the vibration of gear shafts and isolate the vibration excitation through the bearings to the supporting structure. IERSFD has both the performance of a low radial stiffness and high squeeze film damping, which can provide viscous damping to reduce the lateral vibration amplitude of the gear system and to isolate vibration transmitted to other structural parts. IERSFD has segmented squeeze film regions that can inhibit the generation of nonlinear oil film stiffness. Its system-level advantages include its simple structure and straightforward assembly. Dimethyl silicone oil is a kind of silicon-based liquid with high viscosity and good thermal stability, and it is often used as a damping fluid for vibration absorption structures. In this study, dimethyl silicone oil is used as the IERSFD damping fluid.
For the experimental work described in this paper, four sets of IERSFD elastic damping support structures were designed and manufactured, and a single-stage involute spur gear transmission system was built. The vibration reduction characteristics of gear shafts with IERSFD were studied by comparing the vibrations of the gear system with the IERSFD elastic damping support filled with different viscosity damping fluids, to the vibrations of a gear system fabricated with the same layout and the same gear ratio and gear meshing characteristics, but a solid structure and without the damping structures. This latter case serves as a base case.
Integral elastic ring squeeze film dampers

The structure of an IERSFD
The IERSFD described here uses a three-layer oil film, double elastic ring structure, as shown in Fig. 1 . The oil film gap is 0.3 mm. Each layer of oil film is circumferentially divided into four sections, and the twelve sections of the three-layer oil film are staggered. The thickness of each elastic ring is 1mm, and its axial width is 10 mm. The oil storage cavity on both sides of the elastic ring is used for storing the damping fluid, and is sealed by the sealing cap and O-type rubber rings. The elastic ring structure reduces the radial stiffness of IERSFD, and the oil film absorbs the vibration energy.
The outer race of the IERSFD is a transition fit with the bearing block. The inner race of the IERSFD has an interference fit with the outer race of the ball bearing. The IERSFD elastic damping support assembled with IERSFD, bearing block and ball bearing is shown in Fig. 2 . The manufactured IERSFD is shown in Fig. 3 . 
The IERSFD mechanical model
The IERSFD support is modeled as a set of dampers and springs with a mass at the shaft location. The oil film of IERSFD has a gap of 0.3 mm, which is large as compared to a similar-diameter journal bearing's gap. When there is no oil supply pressure, the oil film stiffness can be ignored, and only the damping force generated by squeezing the oil film is considered. Also, the damping of ball bearing is negligible, so only its stiffness is considered. The mechanical model of IERSFD support system is shown in Fig. 4 . In Fig. 4 , is the stiffness of the ball bearing, and and are the stiffness and damping coefficient of the IERSFD respectively. The stiffness of the ball bearing and the IERSFD are in series, and the assembly stiffness is = / + . As ≪ , the introduction of the IERSFD reduces the overall stiffness of the bearing support system. The damping coefficient of the assembly needs to include the damping of ball bearing, but in this work the ball bearing has negligible damping compared to the IERSFD itself: = . This support system damping coefficient is greatly increased by adding the IERSFD. The simplified mechanical model of IERSFD support system is shown in Fig. 5 .
Vibration model of the assembled gear system
For a convenient analysis, a simplified vibration model of gear system was developed. This is shown in Fig. 6 . Among them, the meshing gear pair can be simplified as the concentrated mass of the vibration source, and the gearbox can be simplified as another concentrated mass being excited. The bearing between the gear and box can be regarded as a spring with a certain stiffness and damping . Generally, the gearbox is connected with the engine base elastically, and the shaft alignment requires that the stiffness value ′ should be large [15] . The dynamic excitation of the gear system is mainly transmitted to the box through the bearing. Taking measures in the bearing part can effectively reduce the vibration transmission. According to the vibration theory [16] , in order to reduce the vibration response of the gearbox, it is generally necessary to reduce the radial stiffness of the bearing appropriately and increase the bearing damping . As a result, the natural frequency of the gear system is reduced, and the vibration transmission of the system is decreased. Considering the vibration of the gearbox as an investigation index, a single-degree-of-freedom vibration isolation system in damping for the gear system is established, as shown in Fig. 7 .
The equation of motion of this system is:
where , , denote the mass, stiffness and damping of the vibration isolation system, respectively. The amplitude of the equation of motion mentioned above is:
where = ⁄ denotes the natural frequency of the system. The variable = ⁄ is the frequency ratio, and = 2√ ⁄ is the damping ratio of the system. The force transmitted to the box is written as:
The force amplitude is:
This leads to the vibration transmission coefficient of the system:
According to Eq. (5), when the excitation frequency is much larger than the natural frequency of the system , the vibration transmission coefficient of the system is less than 1, and the system has the vibration isolation effect. The gear meshing vibration and its high harmonics are all high-frequency components, which are much larger than the natural frequencies of the gear system. Therefore, the vibration isolation measure is effective. In addition, the introduction of damping can limit the resonance of gear system.
Introduction of experimental setup
Two support structures
To study the vibration reduction characteristics of gear shafts with an IERSFD, two support structures were designed: rigid support and IERSFD elastic damping support, as shown in Fig. 8 . The rigid support structure includes bearing block, rigid sleeve and ball bearing. The IERSFD support structure consists of a bearing block, IERSFD, ball bearing, O-type rubber ring and sealing cap. When using the IERSFD elastic damping support, dimethyl silicone oil with viscosity of 500 cs, 1000 cs and 5000 cs was added to the oil storage cavity respectively. By comparing the vibration of the gear shafts under the two support structures, the vibration reduction characteristics of gear shafts with IERSFD are studied. 
Test rig design
The experimental setup for testing of gear vibration reduction with the IERSFD is shown in Fig. 9 . It is a single-stage involute spur gear system. Technical data for the test gears are listed in Table 1 . The driving shaft and driven shaft are 10 mm in diameter. The driving shaft span is 440 mm, and the driven shaft 260 mm. The shaft is driven by a DC variable frequency motor. To reduce the influence of motor vibration on the dynamic characteristics of the gear transmission system, a flexible coupling was used. The gear pair is lubricated by dripping oil during the experiment.
A LC-8008 fault diagnosis system was used for the vibration tests. The system has eight input channels, and can analyze and store vibration signal data. Vibration signals are collected by the acceleration sensor mounted on the bearing block, and the vibration along the horizontal direction of the two shafts' bearing blocks is measured. The photoelectric sensor was used to measure the shaft speed. The analysis frequency of the LC-8008 was set to 2000 Hz, and the number of sampling points per period used was 1024. 
Results and discussion
Analysis of gear shafts' vibration suppression with IERSFD
By adjusting the speed controller, the driving shaft speed was set in the range from 900 r/min to 2200 r/min respectively. The driven shaft speed, for those driving shaft speeds, was from 1350 r/min to 3300 r/min, respectively. The vibration of the gear shafts was measured both for the base case of installation on rigid supports and the test case with the IERSFD elastic damping supports filled with the 500cs viscosity damping fluid. The data was recorded at driving shaft speed increments of 100 r/min. Figs. 10(a) and 10(b) show the vibration acceleration peaks of the two shafts' measuring points under two different types of supports.
As shown in Fig. 10 , the vibration of the gear shafts increases with increasing rotational speed. Compared to the rigid support base case, the vibration amplitude of each measuring point is reduced with the IERSFD elastic damping support. It can be seen that the vibration reduction characteristics of the gear shafts are useful over a range of speeds after installing IERSFD elastic damping supports. The IERSFD support can effectively guarantee the smooth operation of the gear transmission system over a large range of speeds. Considering the vibration data from the measured point on driving shaft when = 1200 r/min as an example, when the rigid support is changed to IERSFD support, the peak of vibrational acceleration was reduced from 5. As can be seen from the time domain waveforms shown in Figs. 11(a) and 12(a) , the modulation phenomenon in the time domain waveform decreases to a certain extent after the rigid support is replaced by an IERSFD support. This indicates that the IERSFD elastic damping support can inhibit the shock and vibration of the gears' meshing.
In Figs. 11(b) and 12(b), the frequency spectrum contains many frequency components. After installing the IERSFD support, the vibration of most frequency components is attenuated, indicating that IERSFD has a good vibration suppression of the gear shaft in a wide frequency range. The meshing frequency of the gear system is = /60 = /60 = 600 Hz, but the vibration amplitude of the meshing frequency is small. However, the vibrations in the vicinity of 90 Hz and 820 Hz are large, with a wide frequency band. According to the vibration theory [17] , this is a resonance modulation phenomenon of the gear shaft. When the rigid support is replaced by the IERSFD support, the vibration at those frequency components is significantly reduced.
For the sake of a clear comparison, frequency spectrum ranges between 0-200 Hz, and 700-900 Hz are shown in Figs. 13 and 14 , respectively. Tables 2, 3 The experimental results above show that the vibration amplitude at these frequency points decreases considerably. Considering the driven shaft's vibration at 90 Hz as an example, when the rigid support is changed to the IERSFD support, the vibration amplitude is reduced from 
Vibration reduction characteristics based on the damping fluid's viscosity
The above experimental results show that IERSFD elastic damping support has good vibration attenuation performance for the gear transmission system. The influence of the damping fluid's viscosity on the vibration reduction characteristics of the IERSFD was also explored.
The motor speed was set from 900 r/min to 2200 r/min. The vibration data of gear shafts equipped with the IERSFD elastic damping support filled with two other viscosity damping fluids (1000 cs, 5000 cs) were measured. Figs. 15, 16 show the peak of vibrational acceleration of the driving shaft and driven shaft for these different damping fluid viscosities. 
Conclusions
Integral elastic ring squeeze film damper (IERSFD) was designed, and the application of IERSFD in the vibration control of gear shafts was experimentally studied. 1) IERSFD support can effectively reduce and isolate the vibration of the gear shaft caused by the gear mesh excitation.
2) Comparing IERSFD's vibration reduction characteristics at different speeds, the IERSFD elastic damping support can effectively guarantee significantly smooth operation of the gear transmission over a range of speeds.
3) The IERSFD support can improve the shock load characteristics of the gears' meshing.
4) The IERSFD support has good vibration attenuation effect on most frequency components in the gear transmission. 5) Within a limited viscosity range, the vibration reduction is more effective with the higher-viscosity IERSFD damping fluids tested.
